Several mammalian genes, including heat shock protein (Hsp70) and prion protein (PrP) genes, have been reported to have long open reading frames (ORFs) or non-stop reading frames (NRFs) in the antisense direction. A simple explanation would be that these long antisense reading frames, which are usually in the same triplet frame as the coding strand, are the fortuitous byproduct of a high overall [G+C] content with concomitant preference for G/C over A/T in the third codon position, a preference for RNY type codons (purine/any nucleotide/pyrimidine), and/or a bias against serine and leucine, the only amino acids with codons that can be read as stop codons in the antisense direction. The PrP genes and most heat shock genes with long antisense NRFs (aNRFs) are indeed relatively [G+C] rich but do not show a bias against serine and leucine. In several vertebrates investigated, at least one of the Hsp70 genes has a long antisense reading frame, and we found that some, though not all, putative stop codons in long Hsp70 antisense reading frames were due to sequencing errors. The PrP gene contains an extended antisense open reading frame in all 45 eutherian mammals tested, but not in a marsupial and in a bird. In the PrP gene, the long, protein-coding exon also harbors the antisense nonstop reading frame. In both Hsp70 and PrP genes, the putative antisense protein sequence is well conserved. Even though there is no clear evidence in Hsp70 or PrP genes for the existence of the respective antisense proteins, we speculate that such antisense proteins serve to regulate the genuine Hsp and PrP proteins under special circumstances. Alternatively, regulation might occur at the RNA level, and the antisense RNA would merely lack stop codons to prevent its rapid degradation by an mRNA quality control mechanism that is triggered by premature stop codons. We note that both Hsp and PrP are involved in physiological or pathological protein aggregation phenomena, that scrapie prions have been reported to modify the expression or localization of heat shock proteins, and that in yeast, propagation of a prion-like state (PSI+) depends on a heat shock (Hsp104) protein.
Introduction
A group of highly conserved heat shock proteins (Hsp) of about 70kDa constitutes the Hsp70 multigene family, which is represented from bacteria to mammals (reviewed in Günther and Walter, 1994) . Hsp70 protein gene expression is influenced by stress factors such as increased temperature, amino acid analogs, heavy metals and also by non-stress conditions including normal cell growth and development (Morimoto ef a/., 1994) . The heat shock 70 proteins are represented by only two known genes (DnaK and Hsc66) in Escherichia coli but by a large family of genes in eukaryotes. These include the intronless, genuine Hsp70 genes, and constitutively expressed related members termed heat shock cognate (Hsc70) genes, many of which have introns. The distinction between Hsp and Hsc genes is blurred in a few cases, in that a gene active in one tissue or developmental stage may be heatinducible in another. Earlier, it had been speculated that an Hsp70 gene or its mRNA may contain information in addition to that coding for the Hsp70 protein, because of its unusually high degree of nucleotide sequence conservation (Hunt and Morimoto, 1985) . This sequence conservation means that only 45% of theavailable third codon positions have diverged between Drosophila and man, which implies that a strong constraint exists on these nucleotides (Hunt and Morimoto, 1985) . In this report we investigated the presence of one intriguing feature of this high degree of sequence conservation, namely, the presence of significantly long, highly conserved antisense open reading frames (aORFs), perhaps more appropriately referred to as non-stop reading frames (aNRFs) when the presence of initiator codons is not considered (see also below). Such aNRFs on the strand opposite to the coding sequence were found in a number of Hsp70 genes from bacteria to mammals (see also Konstantopoulou ef a/., 1995) . In parallel we have studied the same feature in the mammalian protease resistant protein (prion, PrP) gene, which encodes a membrane protein whose pathological malfunctions give rise to transmissible spongiform encephalopathies or fatal familial insomnia (Aguzzi and Weissmann, 1997; Prusiner, 1997) . Four examples are shown: one from human (non-stop), one from Blastocladiella, one from Achlya klebsiana and one from E. coll (open), with accession numbers M59828, L22497, U02505 and D10765, respectively. An intron-containing Hsc70 with the introns removed is also shown where no strikingly long aNRF is present (accession number Y00371). Half lines represent Met codons, full lines represent stop codons. The figure was essentially generated using the DMA Strider program (Marck, 1988) .
Results and Discussion

Conserved Antisense NRFs in Heat Shock 70 Genes
Antisense non-stop reading frames (aNRFs) equal to, or longer than, the Hsp70 coding region, which consists of about 2000 nucleotides, can be found in Hsp70 gene sequences of many species ranging from prokaryotes, such as E. co//, to fungi, flies and vertebrates, including humans ( Figure 1 , Table 1 ). Few other genomic sequences in the entire database showed such strikingly long aNRFs. However, some Hsp70 sequences contain potentially long aNRFs that are interrupted by one or more stop codons (Table 1) . We considered the possibility that at least some of these antisense stop codons may represent sequencing errors. The antisense reading frames of all Hsp70 genes are in the same triplet frame as the coding sequence; hence, we reasoned that during sequencing one or the other stop codon may well have been generated erroneously in the aNRF because less consideration may have been given to third codon positions in the sense direction.
To investigate this possibility, we re-isolated fragments of the genomic DNA of five Hsp70 genes, indicated with an asterisk in Table 1 , from three species, namely mouse, cattle and human, which contained one or two stops in a potential aNRF of approximately 2000 nts. We isolated and sequenced six different DNA clones from each species, and indeed, two of six clones isolated from bovine genomic DNA did not contain the stop codons present in the antisense direction as expected from the published sequences, indicating the presence of sequencing errors, multiple alleles, and/or previously unsequenced, closely related Hsp70 family genes in the same species. (For primers used and sequence accession numbers, see Table 1 ). Otherwise, the published sequences with a translational stop codon in the antisense direction were confirmed, which renders their translation and possible biological function rather unlikely. Nevertheless, our data imply that at least one bovine Hsp70 allele or gene probably contains an aNRF of longer than 2000 nts. It is even conceivable that one or more of the existing stop codons could be bypassed, either by editing of the primary transcript, as in apolipoprotein E and the glutamate receptor in brain, or by incorporation of selenocysteine or another amino acid (Berry ef a/., 1993; Osawa, 1995; Taylor, 1995;  ; the numbers of amino acids in the Hsp70 proteins; the number of sehne and leucine residues in the proteins; the percentage of amino acid identities of the respective Hsp70 proteins when compared with the human Hsp70 protein; the length of the long aNRF in base pairs: the percent identity of the putative antisense protein sequence, the nucleotide percent identity of each gene with respect to the human Hsp70 gene; the number of stops (see comment below) in the long aNRF; and the mode of Hsp70 expression, where known. 1 34.8% identity in only 388 amino acids; 2 word size 5; * genes whose sequences were rechecked (see text). Low and Berry, 1996; Benne, 1996; Feng ef a/., 1990; Felsenstein and Goff, 1992) . It should also be kept in mind that in several species, ranging from human to yeast, distinct yet highly similar Hsp70 family genes are known to exist. In yeast, the coding DMA sequences for SSA1, on chromosome 1, and for SSA2, on chromosome 12, have 96.7% identity, including a region of 954 bp with only 4 mismatches and another of 370 bp with no mismatches. In human, the Genome Data Base (GDB; Fasman ef a/., 1997; http://www.gdb.org/) already lists 11 distinct genes for heat shock 70 kDa protein homologs (GDB Accession ID'S 120057-64, 630649, 568490, 626151), localized to chromosomes 1,5,6,9,11,14, and 21, but apparently not all sequenced. Among those that have been sequenced there are again some highly similar genes (with up to 99.6% identity), and one finds aNRFs interrupted by 0,1, 2, and 7 or more stop codons. It is therefore likely that in other mammalian genomes there also exist distinct yet very similar Hsp70 genes, and that the homologs sequenced in different species are often not orthologs but paralogs. For these reasons, we have also considered antisense reading frame conservation in cases where a long potential aNRF is interrupted by one, or few, stop codons (Table 1) .
Codon Usage
The phenomenon of significantly long antisense non-stop reading frames in the complementary DMA strand of genes from various organisms has recently been reported to be more frequent than originally expected (Yomo and Urabe, 1994; Merino ef a/., 1994; Boldogköief a/., 1995) . Among the three possible reading frames of the antisense strand, in most of the cases the same triplet frame is used in both directions (Yomo and Urabe, 1994) . This was attributed to a general preference for codons of the RNY type (purine/any nucleotide/pyrimidine), which also read RNY in the opposite sense. Another point of consideration is the [G+C] (guanine and cytosine) content of the coding sequence. (Forsdyke, 1995 , Boldogköi ef a/., 1995 . Recently, one of us has indeed shown that a [G+C] content-related bias in codon usage, i.e., a preference for G or C in third position, can explain many of the observed aNRFs on a statistical basis (Silke, 1997) .
There is also another point of consideration: any reading frame that lacks the codons TTA, CTA (Leu) and TCA (Ser) on the sense strand must have an open antisense reading frame since only these three codons correspond to stop codons in the same triplet frame on the antisense strand. Two scenarios are therefore possible which might fortuitously give rise to a long aNRF: firstly, the sense protein may contain very low amounts of serine and leucine, and secondly, special conditions, such as heat shock, may require a selective codon usage excluding the three above-mentioned 'forbidden' codons. In line with the first one of the aforementioned possibilities, we observed that human mucin mRNA (Accession No. L21998) contains an astonishing aNRF of 7000 nucleotides; however, a stretch of 6000 nts/2000 amino acids consists of repeats rich in threonine and proline with no serine or leucine present, thus accounting for most of this exceptional aNRF. However, this is not the case for Hsp70s, where serine and leucine together account for approximately 13% of the amino acid composition (Table 1) . This is somewhat lower than the average usage of serine and leucine, for example in human (approximately 17%, according to the CUTG database, see Nakamuraef a/., 1997; http://www.dna.affrc.go.jp). Codon frequency tables (GCG; Devereux ef a/., 1984) of highly expressed genes, including E. coli DnaK/Hsp70 and mammalian genes, indicate that in species where such genes form a distinct group, the usage of the 'forbidden' codons is generally low. Therefore, the observed frequencies do not represent a significant deviation from the expected (data not shown; cf. also Silke, 1997) . Even though, as mentioned before, codon bias as a result of a generally high [G+C] content may favor the existence of antisense NRFs in heat shock protein 70 genes (Silke, 1997) , we find it remarkable that they are observed in so many Hsp70 genes in many species.
Introns
The Hsp70 gene multifamily contains many heat-inducible, intronless genes. Indeed, the evolution of intronless heat shock protein genes has been attributed to the presence of a block in splicing at elevated temperatures (Yost ef a/., 1990). The family also includes Hsp70-related genes which are constitutively expressed, so-called heat shock cognates, which often contain introns. Such intron-containing hsc genes rarely contain long aNRFs. (Notable exceptions are the long aNRFs found in the intronless Hsc4 gene of D. melanogaster (Perkins ef a/., 1990) , and in the intron-containing Hsp70 genes of the lower eukaryotes Neurospora and Chlamydomonas). Even though heat shock cognate (Hsc) genes also have highly conserved protein and DNA sequences, the absence of aNRFs in almost all of them may be taken as an argument that it would be quite difficult to produce the correct antisense protein to a protein-coding region that is interrupted by several nonconserved introns. It is interesting to note in this regard that an Hsp70 gene from the aquatic fungus Blastocladiella (Stefani and Gomes, 1995) contains one small intron yet also has a long aNRF (Figure 1 ; Table 1 ). However, this intron may not be relevant to the context of our question, because it is peripheral to the coding sequence, separating a mere 12 amino acids from the rest of the protein (Figure 1) .
Since one outstanding feature of heat shock protein 70 genes is the absence of introns, we also scrutinised, from a variety of species, other families of intronless genes for the presence of aNRFs, such as histone or interferon alpha I and beta genes, c-jun and C/EBP genes. In addition, we looked at genes of POU domain transcription factors since we knew that one of them (N-Oct3/Brn2) lacks an intron and contains a very long aNRF (Schreiber ei a/., 1993; Atanasoski ef a/., 1995). The Interferon genes tested did not contain aNRFs, and there were few examples in the other gene families. However, a comparison of homologs in different species did not reveal a consistent pattern (data not shown), thus these aNRFs appear less striking than those of Hsp70 and PrP genes. A curious example is represented by the c-abl proto-oncogene, which contains an impressive aNRF in an unusually long, protein-coding exon. However, unlike most other cases, this reading frame is not in the same triplet frame as the coding strand (Accession No. M14752). Taken together, it appears that while genes with a regular short-exon-intron pattern rarely contain long aNRFs, the absence of introns per se does not suggest the presence of an aNRF. The prion protein (PrP) of mammals and birds is apparently encoded by a unique gene. The gene contains one or two introns, but the entire protein-coding sequence is contained within the very long second exon. The existence of an aNRF of 834 nts has been described for the human gene (Goldgaber, 1991 ; Figure 3 ). The [G+C] content of PrP genes is high, although not as high as in Hsp70 genes, which favors the occurrence of aNRFs (Silke, 1997) . Serine and leucine account for approximately 10% of the amino acids in the prion protein, thus the frequency of these amino acids is not so low that it could be expected to fortuitously result in an aNRF, as mentioned above. Since the original observation of an antisense NRF in the PrP, much more sequence data has accumulated, for example, see Sch tzl et a/. (1995) . Remarkably, we find that an aNRF of at least 600 nts is present in all 45 eutherian mammals for which sequences are available, while in the brush-tailed possum, a marsupial, and in chicken the antisense reading frame is interrupted by one centrally loca-ted stop codon (Figure 3) . Among the 45 eutherian mammals investigated, many of them primates, the putative PrP antisense protein sequence is less conserved than that of the Hsp70 antisense, in accordance with the lower evolutionary conservation of the PrP genes themselves as compared to Hsp70 genes (conservation among mouse, bovine and man of PrP sense and antisense aa sequence is 84% and 58%, respectively, while Hsp70 sense and antisense conservation for the same species is 97% and 79%, respectively). It remains to be seen whether or not the PrP genes of marsupials and birds differ in their physiological and pathological roles from those of eutheria. So far, attempts at transmission of bovine spongiform encephalopathy (BSE) into chicken were not successful, and a report on ostrich encephalopathy (Kirkwood and Cunningham, 1994) Given the widespread occurrence of aNRFs in Hsp70 and PrP genes, one wonders whether they are expressed and might servesome biological function. Atfirst sight, the constraint of producing a functional sense protein as well as a corresponding antisense protein seems formidable. However, it has been pointed out that sense and antisense protein can be expected to associate tightly with each other, and several examples of such interactions have been reported (Bosteta/., 1985; Elton ef a/., 1988; Brentani et a/., 1988 and references therein). Also, at least in the oomycete mould Achlya klebsiana, it was shown that the complete antisense reading frame of one Hsp70 gene corresponds to the tenth exon of the N AD-specif ic glutamate dehydrogenasegene(NAD-GDH; LeJohnefa/., 1994, see also Figure 1 ). Both this enzyme and the corresponding Hsp70 protein are induced by glutamate, allowing in principle a concerted action of sense and antisense protein. This example establishes two important points. First, it shows that a functional Hsp70 antisense protein exists, which in this case is part of a larger protein. Second, because of the possibility of splicing to remote exons, an expressed aNRF neither requires a promoter nor an initiator codon within the 3'untranslated region of the Hsp70 gene. Indeed, the NAD-GDH gene extends far (approximately 3 kb) beyond the Hsp70 gene. This situation may hold also for bacteria (see Table 1 ), where the Hsp70 gene homolog DnaK is often found on the same operon preceding the Hsp40 homolog DnaJ, and where the promoter of a putative antisense operon could in principle be located within or further 3'of DnaJ.
We find it especially intriguing that the genes of both Hsp70 and PrP proteins contain conserved aNRFs. In this context, it seems worth mentioning that Hsp70 and/or other heat shock proteins may be involved in the manifestation of prion-related diseases in mammals (Hsp72, 73 and 28; Tatzeit ef a/., 1995;seealsoTellingefa/., 1995)and in prion-like interactions within yeast cells (Sup35p/ [PSI+]/Hsp104; Chernoff ef a/., 1995; Tuite and Lindquist, 1996 ; see also Liautard, 1991; Aguzzi and Weissmann, 1997) . Antisense transcripts have been convincingly reported for Hsp70 genes and these transcripts were found to be restricted to specific subregions of the brain (Murashov and Wolgemuth, 1996) . Regarding the PrP gene, a putative PrP antisense transcript (Hewinson ef a/., 1991) was however also found in PrP knockout mice (Moser ef a/., 1993) . Therefore, this transcript, which was identified by its hybridization to a PrP sense probe, cannot come from the PrP gene itself and awaits further characterization.
As we have seen in the example of Achlya klebsiana, an antisense protein may well extend beyond the boundaries of the sense transcription unit due to the possibility of RN A splicing. Indeed, a potential 5' splice site (AG | GTGGGT) is located before the end of the PrP aNRF, and the programs GRAIL (Uberbacher and Mural, 1991;  http://avalon.epm.ornl.gov/) and Netgene (Brunak ef a/., 1991; http://www.cbs.dtu.dk/services/) both report a potential exon-intron boundary at that site. Thus, splicing could in principle allow an anti-PrP gene to extend far beyond the PrP coding sequence. In the PrP amino acid sequence, this splice site corresponds to the TyrProPro immediately preceding the Gly-rich octa-repeats of PrP. These three amino acids and the relevant codons are conserved in all species for which PrP sequences are available (indicated by an arrow in Figure 3) , with only two exceptions. Interestingly, these exceptions are chicken (TyrProHis, no splice site; Harris ef a/., 1991) and brush-tailed possum (TyrProGly, no splice site; Windlef a/., 1995), the two species that also have no long PrP antisense NRF. In addition, we note that splicing at this site would remove an antisense region complementary to the one encoding 48 Nterminal amino acids of PrP that can be deleted in transgenie animals without impeding the infectivity of PrP (Fischereia/., 1996) . There is also conservation of putative splice sites in the antisense transcript in Hsp70 genes (not shown; cf. also Konstantopoulou ef a/., 1995). An alternative view to a possible role of antisense proteins would be that the long aNRFs do not function at the protein level. Rather, the antisense RNA may directly control the level of sense RNA under certain conditions via sense-antisense duplex formation, thus interfering with sense RNA processing, transport, translation, or inducing adenine-to-inosine conversions (see e.g. Bass and Weintraub, 1988; Volkef a/., 1989; Lipman, 1997) . Within the framework of this scenario, the lack of stop codons in the aNRF would merely reflect a need to stabilize the antisense transcript, since it has been demonstrated that transcripts with premature in-frame stop codons can be rapidly degraded by some cellular quality control mechanism (Peltzef a/., 1993; Maquat, 1995) .
In order to gain more insight into possible biological roles of aNRFs, one would have to study the effect of mutagenizing/eliminating them, without altering the sense protein sequence and vice versa. Such a search for functions is hampered by the fact that, so far, PrP gene disruption in knockout mice has not yet lead to any easily detectable phenotype, apart from a resistance to transmissible spongiform encephalopathy (TSE)-type diseases (Büeler ef a/., 1992 (Büeler ef a/., ,1993 ; Hermsef a/., 1995; Lledoef a/., 1996; see also Collinge ef a/., 1994; Colling et a/., 1996; Tobler ef a/., 1997). A compilation of PrP mutations found in familial cases of Gerstmann-Sträussler-Scheinker (GSS), Creutzfeldt-Jakob disease and fatal familial insomnia (Pocchiari, 1994; Prusiner, 1997) would suggest that the sense protein (PrP) sequence is more critical for TSE disease development than the putative antisense protein.
While one mutation CCA -» CTA generates a stop codon in the antisense NRF, the mutations GAC -* AAC, GTC -» ATC, GAG -» AAG and GTT -»ATT change only the sense but not the putative antisense protein sequence. To our knowledge, no mutation leading to afamilial TSE-type disease is associated with an altered antisense reading frame without affecting the sense protein sequence.
Even though we do not provide evidence for the existence of Hsp70 or PrP antisense polypeptides, we speculate that they serve to regulate the genuine heat shock and PrP proteins in certain cells and/or under special circumstances. We note that both Hsps and PrP are involved in physiological or pathological protein aggregation phenomena, that scrapie prions have been reported to modify the expression or subcellular translocation of heat shock proteins, and that in yeast cells, propagation of a prion-like state, [PSI+] , depends on a heat shock protein. Thus it seems likely that both heat shock proteins and PrP will have more surprises in store for us (see, e.g. Tamura ef a/. 1997; Aguzzi and Weissmann, 1997) .
Materials and Methods
between two stops, or in cases where one or more stops existed, chosen such that they spanned approximately the same number of base pairs as the coding sequence on the sense strand and were bounded by stop codons at their 5' and 3' ends. In Table 1 , we have also listed aNRF conservation in these latter cases, since the interrupting stop codons may be present only in certain paralogs or alleles but not in others, or may represent sequencing errors (see text). The brackets around the length of the resulting aNRF indicate the somewhat arbitrary nature of such lengths, the exact positions on the reverse complement sequence were: U09861 from nucleotides 204-2258; M76613 from 355-2508; J02579 from 310-2046; J01104 from 1351-3321; M20567 from 916-3008 and X12926 from 799-2745. The presence of more than 4 stops in a potential aNRF was deemed to make the ascertainment of an aNRF unrealistic and therefore not applicable, N/A. The nucleotide sequence of the aNRF was translated and amino acid identities to the aNRF of M11717 were ascertained using FastA (Pearson and Lipman, 1988 ) and a word size of 2. Nucleotide identities of the aNRF were determined using FastA and a word size of 6.
Sequencing
Genomic DNA PCR primers and riboprobes: Male individuals of Holstein Fresian, Simmentaler and Holstein Brown races were used as sources of bovine genomic DNA and a male and female individual of Mus musculus were used as a source of mouse genomic DNA. Human genomic DNA was a gift from Dr. Olav Zilian. Thefollowing primer pairs were used to directly amplify fragments of the corresponding The resulting PCR fragments were cloned into pKSS (Kast, 1994) and sequenced.
